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MULTI-LEVEL SEMICONDUCTOR DEVICE 
WITH CAPPING LAYER FOR IMPROVED 

ADHESION 

FIELD OF THE INVENTION 

This invention generally relates to methods for forming 
semiconductor device integrated circuitry including copper 
interconnects and more particularly to a multi-level semi 
conductor device and method for forming the same includ 
ing copper interconnects and a capping layer With improved 
adhesion to underlying dielectric layers thereby reducing 
line to line current leakage, increasing TDDB and improving 
copper electro-migration resistance. 

BACKGROUND OF THE INVENTION 

Copper metalliZation is increasingly being used for 
advanced semiconductor device integrated circuit fabrica 
tion including semiconductor features having sub-quarter 
micron lineWidths and high aspect ratios to larger features 
such as bonding pads. Copper and its alloys have loWer 
resistivity and better electromigration resistance compared 
to other metals such as, for example, aluminum. These 
characteristics are critical for achieving device reliability 
together With higher current densities and increased signal 
propagation speed. While several processing dif?culties 
related to forming copper semiconductor features have been 
overcome, several problems remain, especially in the areas 
of line to line current leakage betWeen copper interconnects, 
an increased tendency of copper to electro-migrate through 
loW-K dielectric insulating layers, and dielectric breakdown 
of loW-K dielectric insulating layers. 
One problem affecting copper metalliZation is the ten 

dency of copper to easily form oxides of copper, for example 
CuO or CuO2, upon exposure to oxidiZing environments 
including humid environments. According to prior art pro 
cesses, folloWing the copper CMP process the exposed 
copper is protected by depositing overlying capping layers 
Which may also function as an etch stop layer in formation 
of an overlying level of copper interconnects. For example, 
to form the next level of the device, a metal nitride layer 
Which functions as an etching stop layer in formation of 
metal interconnect features such as vias or dual damascenes 
in overlying dielectric insulating layers, is typically depos 
ited over the exposed copper folloWing a CMP process. The 
overlying etching stop layer is also intended to act to prevent 
further copper oxidation and to reduce electro-migration of 
copper. 

The dual goals of preventing copper electro-migration and 
preventing cross-interconnect current leakage have not been 
adequately solved for several reasons. For example, porous 
silicon oxide based loW-K dielectric insulating layers having 
an interconnecting porous structure have exhibited reduced 
adhesion to overlying layers, for example etch stop layers, 
and have increased the tendency of integrated circuit dama 
scene features, such as copper interconnects, to exhibit 
increased current leakage and electro-migration of copper 
ions. For example, a phenomenon knoWn as time dependent 
dielectric breakdoWn (TDDB) is believed to result from 
charge accumulation due to sloW current leakage over time 
along micro-cracks developed along poorly adhering mate 
rial interfaces, for example poor adhesion of an overlying 
etch stop (capping) layer to an underlying inter-metal dielec 
tric (IMD) layer. As a result, electrical performance and 
device reliability of semiconductor devices is compromised. 
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2 
Thus, there is a continuing need for novel semiconductor 

integrated circuit manufacturing methods to improve the 
electrical performance of copper interconnect features 
including methods to improve adhesion of overlying cap 
ping layers. 

It is therefore an object of the invention to provide a 
method for forming a copper interconnect capping layer to 
improve the electrical performance of copper interconnect 
features including methods to improve adhesion, in addition 
to overcoming other shortcomings of the prior art. 

SUMMARY OF THE INVENTION 

To achieve the foregoing and other objects, and in accor 
dance With the purposes of the present invention, as embod 
ied and broadly described herein, the present invention 
provides a multi-layer semiconductor device including cop 
per interconnects With improved interlayer adhesion and a 
method for forming the same. 

In a ?rst embodiment, the method includes providing a 
semiconductor substrate comprising a dielectric insulating 
layer comprising copper containing interconnects the dielec 
tric insulating layer and copper containing interconnects 
comprising an exposed surface; forming a ?rst capping layer 
on the exposed surface; providing a treatment on the ?rst 
capping layer to increase interface adhesion betWeen the 
capping layer and the dielectric insulating layer; and, form 
ing a second capping layer on the ?rst capping layer. 

These and other embodiments, aspects and features of the 
invention Will be better understood from a detailed descrip 
tion of the preferred embodiments of the invention Which are 
further described beloW in conjunction With the accompa 
nying Figures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. 1A to 1E are cross-sectional vieWs of a portion of 
a multi-layer semiconductor device at stages in a manufac 
turing process according to an exemplary embodiment of the 
present invention. 

FIG. 2 is a graphical data representation of a Weibull 
distribution failure plot versus time representing TDDB 
failure under an applied electric ?eld carried out on an 
integrated circuit With copper interconnects formed accord 
ing to preferred embodiments of the present invention 
contrasted With prior art copper interconnects. 

FIG. 3 is a process How diagram according including 
several embodiments of the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

Although the method of the present invention is explained 
With reference to formation of an exemplary copper inter 
connect structure (feature) such as a trench line or via, it Will 
be appreciated that the process may be equally as Well used 
in forming copper dual damascene structures as Well as 
thicker and Wider structures such as bonding pads and Wide 
trenches. The method is particularly advantageously used in 
the formation of copper damascene features such as vias and 
trench lines With lineWidths/diameters less than about 0.25 
microns, more preferably less than about 0.13 microns. In 
addition, the method is particularly advantageously used 
With silicon oxide based loW-K dielectric insulating layers 
having an interconnecting porous structure and having a 
dielectric constant of less than about 3.0 including less than 
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about 2.5, for example from about 2.2 to about 3.0. It Will 
be understood that the method of the present invention is 
applicable to the formation of other features having exposed 
copper surfaces Where an overlying nitride or carbide layer 
is subsequently deposited overlying the exposed copper. 
Further, the term ‘copper’ Will be understood to include 
copper and alloys thereof. 

For example, in an exemplary embodiment, referring to 
FIGS. lAilE, are shoWn cross sectional vieWs of a portion 
of a multi-level semiconductor device at stages in a copper 
interconnect manufacturing process. 

Referring to FIG. 1A, a dielectric insulating layer 10, for 
example an inter-metal dielectric (IMD) layer, is formed by 
conventional processes knoWn in the micro-electronic inte 
grated circuit manufacturing art, folloWed by deposition of 
an overlying ?rst etching stop layer 12, for example, silicon 
nitride (e.g., SiN, Si3N4), silicon oxynitride (e.g., SiON), 
silicon carbide (e.g., SiC) or silicon oxycarbide (e.g., SiOC), 
more preferably SiN or SiC to a thickness of about 300 
Angstroms to about 700 Angstroms by a conventional CVD 
process, for example, an LPCVD, PECVD, or HDP-CVD 
process. It Will be appreciated that the etching stop layer 12 
may be formed in the same manner as explained beloW for 
etching stop (capping) layer 24 including underlying treated 
glue layer 22. The dielectric layer 10 may include a copper 
?lled conductive region e.g., a via (not shoWn) electrically 
interconnecting IMD layer levels in a multilevel semicon 
ductor device. 

Still referring to FIG. 1A, formed over ?rst etching stop 
layer 12 is dielectric insulating (e.g., IMD) layer 14, pref 
erably formed of a silicon oxide based loW-K material, for 
example having an interconnecting porous structure, pref 
erably carbon doped oxide or organo-silane glass (OSG). 
The IMD layer 14 preferably has a dielectric constant of less 
than about 3.0, preferably less than about 2.5. For example, 
the overall pore volume of the dielectric insulating layer 
may be from about 20% to about 60% pore volume With 
respect to any selected IMD layer volume portion. It Will be 
appreciated that the dielectric constant may vary through the 
dielectric layer thickness. For example, a PECVD process 
using organo-silane and/or organo-siloxane precursors is 
carried out by knoWn methods to produce the IMD layer 14. 

It Will additionally be appreciated that a second etch stop 
layer (not shoWn) similar to etch stop player 12, may be 
provided overlying the ?rst IMD layer e.g., 14 (not shoWn) 
folloWed by deposition of a second IMD layer (not shoWn) 
in the same manner as the ?rst IMD layer e.g., 14, in order 
to form a trench line opening overlying one or more via 
openings to form a dual damascene by knoWn processes. 
The IMD layer 14 in the exemplary copper damascene 
formation embodiment is formed having a thickness of 
about 3000 to about 8000 Angstroms. 

Still referring to FIG. 1A, a bottom anti-re?ectance coat 
ing (BARC) layer 16, for example silicon oxynitride is 
provided over the IMD layer 14 at a thickness corresponding 
to odd increments of a quarter Wavelengths of a subsequent 
photolithographic exposure process to minimiZe light re?ec 
tance from the IMD layer 14 surface. 

Referring to FIG. 1B, interconnect (e.g., trench) openings 
e.g., 18A and 18B are formed by a conventional photolitho 
graphic patterning and reactive ion etch (RIE) process. The 
interconnect openings e.g., 18A and 18B may be formed in 
closed communication With an underlying conductive 
region, e.g., vias or trenches (not shoWn). The interconnect 
openings e.g., 18A and 18B are then lined With a barrier 
layer e.g., 20 by a blanket deposition process such as a PVD 
and/or CVD process, the barrier layer preferably including 
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4 
at least one layer of a refractory metal, refractory metal 
nitride or silicided refractory hietal nitride for example Ti, 
Ta, TiN, TaN, Ti/TiN, Ta/TaN, TiSiN, or TaSiN, most 
preferably tantalum nitride (TaN). The barrier layer 20 is 
typically formed at a thickness of about 100 Angatroms to 
about 300 Angstroms. 

Referring to FIG. 1C, a conventional electrochemical 
deposition (ECD) process is then carried out to ?ll inter 
connect openings e.g., 18A and 18B With a blanket deposited 
copper layer to subsequently form planariZed copper ?lled 
interconnects 18C and 18D. The ECD copper deposition 
process is preceded by deposition of a copper seed layer (not 
shoWn) by conventional processes, for example a PVD 
process. The copper portion overlying the interconnect 
opening level is then removed (planariZed) by a conven 
tional chemical mechanical polish (CMP) process including 
removing the barrier layer e.g., 20 and the BARC layer 16 
to expose the IMD layer 14. The exposed IMD layer 14 is 
then optionally subjected to an oxide buf?ng process as part 
of the CMP process. 

Referring to FIG. ID, a glue (?rst capping layer) layer 22 
having a thickness of about 50 Angstroms to about 500 
Angstroms is then blanket deposited over the process sur 
face including the copper interconnects 18C and 18D and 
the IMD layer 14. The glue layer 22 may be the same (same 
atomic components) or different material as a subsequently 
deposited overlying capping layer (etch stop) layer 24 
shoWn beloW, for example comprising silicon oxide, silicon 
nitride (e.g., SiN), silicon oxynitride (e.g., SiON), silicon 
carbide (e.g., SiC), or silicon oxycarbide (e.g., SiOC) depos 
ited by a CVD process such as PECVD or LPCVD. For 
example, if the glue layer 22 is formed of silicon oxide, 
preferably the glue layer is formed of loW-K silicon oxide 
based material using organo-silane or organo-siloxane pre 
cursors, e. g., the same material as the IMD layer 14 and may 
be deposited by a spin-on process, but is more preferably 
deposited by a CVD process such as PECVD or LPCVD. 

In critical aspect of the invention, the glue layer 22 is then 
treated With a plasma and/or an electron beam. In one 
embodiment, the plasma treatment is carried out With a 
hydrogen containing plasma source gas, e.g., free of oxygen, 
for example, plasma source gases such as H2 and NH3, or 
mixtures thereof, most preferably H2. In another embodi 
ment, plasma source gas may consist essentially of helium 
or may include helium With the hydrogen containing plasma 
gas source to assist in plasma formation. Exemplary plasma 
treatment conditions include a pressure of from about 0.5 
Torr to about 10 Torr, a plasma poWer of 50 to about 200 
Watts With an RF or DC bias of from about 0 to about 900 
Watts. The plasma source gas or gases are preferably sup 
plied at a gas ?oW rate of about 100 to about 2500 sccm. The 
plasma treatment is preferably carried out for a period of up 
to about 100 seconds. 
The plasma treatment process is preferably carried out 

With a conventional PECVD or HDP-CVD tool (reactor), 
preferably including a decoupled bias source to alter a Wafer 
bias poWer, including providing Zero bias poWer. HoWever, 
the plasma treatment process may also be carried out in any 
dry plasma reactor including a barrel plasma etcher, parallel 
plate reactor, doWnstream etcher, and high density plasma 
reactors including electron cyclotron resonance reactors, and 
magnetron reactors. The pressure of the plasma treatment 
may vary depending on the reactor used Within a range of 
plasma pressures from about 1 mTorr to about 10 Torr, but 
is preferably carried out in a PECVD reactor Within a range 
of about 1 Torr to about 10 Torr, more preferably betWeen 
about 2 Torr to about 8 Torr. The glue layer plasma treatment 
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may be carried out at a temperature from about 0° C. to 
about 400° C., more preferably about 1000 C. to about 400° 
C., most preferably from about 325° C. to about 375° C. 

In another embodiment, the glue layer 22 is treated With 
an electron beam (E-beam), for example Where an E-beam 
is rastered in a controlled manner over the surface of the 
process Wafer With the E-beam contacting the uppermost 
glue layer. Preferably the E-beam is provided at an accel 
erating Voltage of about 1000 to about 8000 eV With an 
electron ?ux at the process surface producing an electrical 
charge of about 50 to about 500 micro-coulombs/cm2. 

Referring to FIG. 1E, folloWing deposition and treatment 
of the glue (?rst capping) layer 22, a second capping layer 
(e.g., etch stop layer) 24, is deposited over the glue layer to 
a thickness of about 300 Angstroms to about 1000 Ang 
stroms. Preferably, the capping layer 24 is formed of silicon 
oxide, silicon nitride (e.g., SiN), silicon oxynitride (e.g., 
SiON), silicon carbide (e.g., SiC), or silicon oxycarbide 
(e.g., SiOC), and be formed of the same or different material 
as the glue layer 22, for example using a CVD process e.g., 
PECVD or LPCVD. 

Advantageously, it has been found that formation and 
treatment of the glue layer 22 by plasma treatment or 
E-beam treatment serves to improve an adhesion of the glue 
layer to the underlying IMD layer 14, as Well as to the 
exposed copper interconnect and additionally improves 
adhesion of the overlying capping layer 24 to the glue layer 
22. It is believed that organic substituents (e.g., SiiCH3 
bonds) remaining from the organo-silane or organo-silane 
precursors in forming the IMD layer 14, or organic substitu 
ents remaining in the glue layer have the SiiCH3 bonds 
broken to form Si4O bonds to increase the number of 
SiiO bonds per unit volume in the glue layer during the 
plasma treatment or E-beam treatment, thereby improving 
an interlayer (e.g., glue-layer/IMD layer) bonding adhesion. 
For example at least a portion of the treated glue layer 
including the entire glue layer Will have an increased num 
ber of SiiO bonds compared to the untreated glue layer and 
compared to either the overlying capping layer or underlying 
IMD layer depending on the material the glue layer is 
formed of. 

For example, the glue layer 22 provides a strengthened 
bonding transition betWeen the IMD layer 14 and/or the 
subsequently deposited overlying capping layer 24 folloW 
ing either the plasma treatment or the E-beam treatment. The 
plasma or E-beam treatment is carried out according to 
preferred embodiments to avoid damaging the exposed 
copper interconnect, including reducing oxides present on 
the copper surface, and provides increased bonding strength 
of the glue layer to the IMD layer as evidenced by XPS 
SiiO bonding energy measurements at the IMD layer/ glue 
layer interface. In addition, line to line current leakage e.g., 
betWeen copper interconnects 18C and 18D has been 
demonstratively reduced and time dependent dielectric 
breakdoWn (TDDB) failure probability has been reduced 
compared to prior art capping (etch stop) layer formation 
processes. 

For example, representative data measuring a current 
leakage contribution in conventional I-V measurements of 
copper interconnects formed in IMD layers according to 
preferred embodiments forming a portion of a multi-level 
semiconductor device has shoWn that regardless of the type 
of glue layer and capping layer combination formed accord 
ing to preferred embodiments, that the line to line current 
leakage is reduced from about 1 to about 3 orders of 
magnitude. 
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Referring to FIG. 2 is shoWn representative data depicting 

a Weibull distribution pro?le for time dependent dielectric 
breakdoWn (TDDB) of an IMD layer including copper 
interconnects With a capping layer formed according to 
preferred embodiments contrasted With capping layers 
formed Without an inter-layer glue layer treatment according 
to preferred embodiments. ShoWn on the vertical axis is 
cumulative failure percent and on the horizontal axis a time 
to dielectric breakdoWn including a discontinuous portion 
e.g., D to shoW the dramatic improvement on one plot. The 
experimental conditions include a temperature of 125° C. 
and an applied electric ?led of 2 MV/cm. Lines A1, A2, and 
A3 represent the failure probability of IMD layers having 
capping layers formed according to prior art methods, While 
lines B1, B2, and B3 represent the same respective capping 
layers formed including ?rst forming a glue layer and 
treating With a plasma or E-beam according to preferred 
embodiments. It is seen that the time to dielectric breakdoWn 
is improved by several orders of magnitude When the 
capping layer is formed including the treated glue layer 
according to preferred embodiments. 

Referring to FIG. 3 is a process How diagram including 
several embodiments of the present invention. In process 
301, a process Wafer including an uppermost IMD layer 
including copper interconnects is provided having exposed 
upper surfaces. In process 303, a glue layer (?rst portion of 
capping layer) is formed over the IMD layer and copper 
interconnects according to preferred embodiments. In pro 
cess 305, the glue layer is treated according to one of a 
plasma treatment and an E-beam treatment according to 
preferred embodiments. In process 307, a remaining portion 
of the capping layer is deposited according to preferred 
embodiments. 
The preferred embodiments, aspects, and features of the 

invention having been described, it Will be apparent to those 
skilled in the art that numerous variations, modi?cations, 
and substitutions may be made Without departing from the 
spirit of the invention as disclosed and further claimed 
beloW. 

What is claimed is: 
1. A method for forming a capping layer over a loW-K 

dielectric insulating layer comprising copper containing 
interconnects to improve inter-layer adhesion comprising 
the steps of: 

providing a semiconductor Wafer comprising a loW-K 
dielectric insulating layer comprising copper contain 
ing interconnects the loW-K dielectric insulating layer 
and copper containing interconnects comprising an 
exposed surface; 

forming a glue layer on the exposed surface; said glue 
layer consists essentially of silicon oxide formed of 
precursors selected from the group consisting of 
organo-silane and organo-siloxane precursors; 

treating the glue layer With an energy source selected from 
the group consisting of a plasma and an electron beam 
to increase the number of Si4O bonds per unit volume 
in a portion of of the glue layer; and, 

forming a capping layer on the glue layer. 
2. The method of claim 1, Wherein the glue layer is 

selected from the group consisting of silicon oxide, silicon 
nitride, silicon oxynitride, silicon carbide, and silicon oxy 
carbide. 

3. The method of claim 1, Wherein the capping layer is 
selected from the group consisting of silicon oxide, silicon 
nitride, silicon oxynitride, silicon carbide, and silicon oxy 
carbide. 
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4. The method of claim 1, wherein the capping layer 
comprises the same atomic components as the glue layer. 

5. The method of claim 1, Wherein the plasma consists 
essentially of a hydrogen containing plasma. 

6. The method of claim 5, Wherein the hydrogen contain 
ing plasma comprises source gases selected from the group 
consisting of H2 and NH3. 

7. The method of claim 5, Wherein the hydrogen contain 
ing plasma consists essentially of a plasma source gases 
selected from the group consisting H2, NH3, N2 and Ar. 

8. The method of claim 5, Wherein the hydrogen contain 
ing plasma treatment comprises a pressure of from about 0.5 
Torr to about 10 Torr. 

9. The method of claim 1, Wherein the electron beam is 
supplied at an accelerating Voltage of about 1000 eV to 
about 8000 eV. 

10. The method of claim 1, Wherein the step of treating is 
carried out at a temperature of from about 1000 C. to about 
4000 C. 

11. The method of claim 1, Wherein the glue layer is 
formed at a thickness of from about 10 Angstroms to about 
500 Angstroms. 

12. The method of claim 1, Wherein the capping layer is 
formed at a thickness of from about 50 Angstroms to about 
1000 Angstroms. 

13. The method of claim 1, Wherein the loW-K dielectric 
insulating layer is formed of one of organo-silane and 
organo-siloxane precursors to have a dielectric constant of 
less than about 4.0. 

14. A method for forming a capping layer over a dielectric 
insulating layer comprising copper containing interconnects 
comprising the steps of: 

providing a semiconductor substrate comprising a dielec 
tric insulating layer comprising copper containing 
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interconnects, the dielectric insulating layer and copper 
containing interconnects comprising an exposed sur 
face; 

forrning a ?rst capping layer comprising silicon oxide 
formed of precursors selected from the group consist 
ing of organo-silane and organo-siloxane precursors on 
the exposed surface; 

providing a treatment on the ?rst capping layer to increase 
interface adhesion betWeen the capping layer and the 
dielectric insulating layer; and, 

forming a second capping layer on the ?rst capping layer. 
15. The method of claim 14, Wherein said treatment 

comprises an energy source selected from the group con 
sisting of a plasma and an electron beam. 

16. The method of claim 14, Wherein the second capping 
layer is selected from the group consisting of silicon oxide, 
silicon nitride, silicon oxynitricie, silicon carbide, and sili 
con oxycarbide. 

17. The method of claim 14, Wherein the treatment 
comprises a hydrogen containing plasma treatment. 

18. The method of claim 17, Wherein the hydrogen 
containing plasma treatment comprises plasma source gases 
selected from the group consisting of H2 and NH3. 

19. The method of claim 17, Wherein the hydrogen 
containing plasma treatment consists essentially of plasma 
source gases selected from the group consisting H2, NH3, 
He, N2 and Ar. 

20. The method of claim 17, Wherein the treatment 
increases the number of Si4O bonds per unit Volume in at 
least a portion of the ?rst capping layer or dielectric insu 
lating layer. 


